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Abstract Protective ant–plant mutualisms—where plants
provide food or shelter to ants and ants protect the plants
from herbivores—are a common feature in many ecological
communities, but few studies have examined the eVect of
disturbance on these interactions. Disturbance may aVect
the relationship between plants and their associated ant
mutualists by increasing the plants’ susceptibility to herbi-
vores, changing the amount of reward provided for the ants,
and altering the abundance of ants and other predators.
Pruning was used to simulate the damage to buttonwood
mangrove (Conocarpus erectus) caused by hurricanes.
Pruned plants grew faster than unpruned plants, produced
lower levels of physical anti-herbivore defenses (trichomes,
toughness), and higher levels of chemical defenses (tan-
nins) and extraXoral nectaries. Thus, simulated hurricane
damage increased plant growth and the amount of reward
provided to ant mutualists, but did not have consistent
eVects on other anti-herbivore defenses. Both herbivores
and ants increased in abundance on pruned plants, indicat-
ing that the eVects of simulated hurricane damage on plant
traits were propagated to higher trophic levels. Ant-exclu-
sion led to higher leaf damage on both pruned and upruned
plants. The eVect of ant-exclusion did not diVer between
pruned and unpruned plants, despite the fact that pruned
plants had higher ant and herbivore densities, produced
more extraXoral nectaries, and had fewer physical defenses.
Another common predator, clubionid spiders, increased in
abundance on pruned plants from which ants had been
excluded. I suggest that compensatory predation by these
spiders diminished the eVect of ant-exclusion on pruned
plants.
Keywords Compensatory predation · Conocarpus 
erectus · ExtraXoral nectar · Herbivory · Trophic cascade
Introduction
Mutualisms are frequently facultative and context-dependent
(Bronstein 1994, 1998). Physical disturbance has long been
recognized as an important determinant of community and
food-web dynamics (Menge and Sutherland 1976; Power
et al.  1996; Spiller and Schoener 2007; Wootton et al.
1996), often changing the strength or direction of interspe-
ciWc interactions. Variable outcomes are common in protec-
tive ant–plant mutualisms, in which plants provide rewards
for ants and ants protect plants from herbivores (Bronstein
1998; Bronstein et al. 2006; Heil and McKey 2003; Rico-Gray
and Oliveira 2007); however, few studies have explored the
impact of physical disturbance on protective ant–plant
mutualisms.
When woody plants re-sprout following disturbance, the
new foliage frequently contains more nutrients and fewer
anti-herbivore defenses than foliage on undisturbed plants
(Radho-Toly et al. 2001; Spiller and Agrawal 2003; Vieira
et al. 1996). Given these changes in edibility, it is not sur-
prising that herbivores often have a greater impact on re-
sprouted plants than undamaged plants (Bailey and
Whitham 2002; Nakamura et al. 2005; Radho-Toly et al.
2001; Spiller and Agrawal 2003; Stein et al. 1992; Vieira
et al. 1996). Enhanced edibility is also expected to facilitate
stronger top-down eVects of predators on plants, as changes
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in herbivore density or behavior resulting from predation
should have stronger impacts on susceptible plants than on
resistant plants (Leibold 1989; Polis and Strong 1996;
Strong 1992; van der Stap et al. 2007).
Disturbance can also inXuence the top-down eVects of
predators by changing the composition of predator and her-
bivore communities (Menge and Sutherland 1987; Power
et al. 1996; Wootton et al. 1996). For example, Spiller and
Schoener (2007) found that hurricanes reduce the abun-
dance of parasitoid wasps and web spiders and enhance the
top-down eVect of a lizard predator on plants. The authors
suggest that the increased lizard eVect is a result of the
removal of arthropod predators—prior to the disturbance,
arthropod predators may have been able to compensate for
the lack of lizards. Thus, disturbance can inXuence the top-
down eVects of particular predators by altering the predator
community.
Disturbance may also directly inXuence ant–plant mutu-
alisms by aVecting plant traits that are associated with ant
activity. For example, leaf damage has been shown to
increase the production of ant attractants in a number of
diVerent plants (Agrawal and Rutter 1998; Heil et al. 2001;
Mondor and Addicott 2003; Ness 2003; Wackers et al.
2001). However, physical disturbance tends to remove
shoots and branches, not just damage leaves, and plants
respond diVerently to leaf damage and shoot removal
(Haukioja et al. 1990). Like leaf damage, shoot removal
can also lead to increased production of ant attractants
(Huntzinger et al. 2004), but fewer studies have addressed
this issue. Thus, there is some evidence that disturbance can
increase the beneWts provided to ant mutualists by their
plant associates. If so, this may also enhance the protective
eVects of ants on disturbed plants.
This study examines the eVect of simulated disturbance
on mutualistic interactions between a mangrove and its ant
associates.  Conocarpus erectus (Combretaceae) inhabits
tropical and subtropical shorelines around the world. Ants
are attracted to extraXoral nectaries (EFNs) on the leaf
blades and petioles; in turn, these ants can protect the plants
from herbivores (Piovia-Scott 2010). Due to its shoreline
habit,  C. erectus is frequently exposed to disturbance
caused by large storms. Hurricanes cause lower levels of
some anti-herbivore defenses in C. erectus (Spiller and
Agrawal 2003) and higher levels of herbivory (Spiller and
Agrawal 2003; Spiller and Schoener 2007). Hurricanes also
aVect the predator community in C. erectus habitats. Wasp
(Spiller and Schoener 2007) and spider (Spiller et al. 1998;
Spiller and Schoener 2007) abundances are reduced by hur-
ricanes, and lizard populations can be extirpated (Spiller
et al. 1998), although this eVect depends on the timing of
the hurricane (Schoener et al. 2004). Ants, on the other hand,
appear to be relatively resistant to hurricane disturbance
(Morrison 2002).
A Weld experiment was used to investigate whether distur-
bance-induced changes in C. erectus traits aVect the ant–
plant mutualism. I manipulated ants and simulated hurricane
damage in a factorial design, and measured plant growth,
levels of anti-herbivore defense traits, leaf damage, herbi-
vore abundance, and ant abundance for a year following the
initiation of treatments. SpeciWcally, I address the following
questions: (1) Are plant growth and physical and chemical
anti-herbivore defense traits aVected by simulated hurricane
damage? (2) Do damaged plants produce EFNs and recruit
higher densities of mutualistic ants? (3) Does the eVect of
ant-exclusion diVer on damaged and undamaged plants?
Materials and methods
Study system
This research was conducted on Staniel Cay (24°1011N,
76°2624W), an island in the Exuma chain in the central
Bahamas. Conocarpus erectus is one of the most common
shoreline plants in the Exumas. ExtraXoral nectaries
(EFNs) on C. erectus in this region are visited by a variety
of insects, including ants, wasps, moths, beetles, and Xies.
The most common ant visitors are Camponotus tortuganus,
Brachymyrmex obscurior,  Crematogaster lucayana, Cre-
matogaster steinheili, Dorymyrmex pyramicus, Pseudomyr-
mex pallidus and a Paratrechina sp. Honeydew-producing
insects are very rare on C. erectus in the study area, so
EFNs are the primary attractant for ant visitors (J. Piovia-
Scott, personal observation). Antagonistic interactions
between the dominant ant species (C. tortuganus) and the
most common class of herbivores (chrysomelid beetles)
have been observed (J. Piovia-Scott, personal observation),
and ant-exclusion can increase herbivory and decrease
growth rate in C. erectus (Piovia-Scott 2010).
Conocarpus erectus can live for several decades (Francis
2010), and the Bahamas have been hit by eight hurricanes
in the past 20 years (Unisys 2010), suggesting that individ-
ual  C. erectus recruiting into this region have a good
chance of being aVected by hurricanes. In shoreline areas
exposed to the full force of hurricane winds and storm
surges, almost all above-ground plant biomass is removed,
leaving surviving individuals to re-sprout from their roots.
In C. erectus, this re-sprouted foliage was found to have
fewer trichomes, higher levels of herbivory, and to attract
more adult moths than foliage on undamaged plants (Spiller
and Agrawal 2003). In the Exumas, Conocarpus erectus
generally occurs in two morphotypes—“silver” plants have
a dense layer of trichomes on the leaf surface, while
“green” plants have very few trichomes (Correll and
Correll 1982; Semple 1970). Silver plants also have lower
levels of herbivory than green plants, suggesting thatOecologia (2011) 166:411–420 413
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trichomes are an eVective defense against herbivory (Agrawal
and Spiller 2004; Schoener 1987,  1988; Spiller and
Schoener 1996). Pruning, which simulates hurricane distur-
bance (Spiller and Agrawal 2003), leads to reduced tough-
ness, fewer trichomes, and higher leaf nitrogen in both
morphotypes of C. erectus, but these eVects are more pro-
nounced for silver plants (Agrawal and Spiller 2004). In
order to maximize the potential response to disturbance, I
used only silver C. erectus plants in this study.
Experimental design and data collection
I used a 2 £ 2 factorial randomized complete block design
with the following four treatments: (1) unmanipulated
controls—ants and plants unaltered, (2) plants unaltered and
ants excluded, (3) plants pruned and ants unaltered, and (4)
plants pruned and ants excluded. The 40 silver C. erectus
plants used in the experiment were divided into ten blocks
of four plants based on spatial proximity; treatments were
assigned randomly within each block. Plants in the pruning
treatment were reduced to stumps, leaving enough of the
trunk intact to install ant exclusions but removing all grow-
ing shoots. This treatment mimics the eVects of the storm
surges and wave action associated with hurricanes on
C. erectus (Spiller and Agrawal 2003); it does not, how-
ever, simulate the eVect of hurricanes on the arthropod
community associated with C. erectus. Ants were excluded
using Tree Tanglefoot® (The Tanglefoot Company) applied
on top of a band of duct tape wrapped around the trunk of
the plant; control plants had duct tape wrapped around their
trunks but no tanglefoot applied on top of the tape. Tanglefoot
barriers on C. erectus can eVectively reduce ant abundances
for at least 4 months under Weld conditions (Piovia-Scott
2010). Treatments were initiated in September 2007 and
data were collected in December 2007, May 2008, and
October 2008. Tanglefoot barriers were replaced at the end
of each data collection period.
I collected leaves from experimental plants at the end of
each sampling interval to measure anti-herbivore defense
traits and leaf damage. To control for the eVects of leaf age,
I collected only leaves that had been produced since the
previous sampling. This was accomplished by marking the
most distal leaves present on four stems at the beginning of
each interval, and only sampling those more apical than the
marked leaves at the end of each interval (no leaves were
marked on pruned plants at the beginning of the experi-
ment, as all leaves were removed during pruning). A sam-
ple consisted of up to 20 new leaves produced by these four
stems (the smallest sample was 10 leaves), representing
anywhere from 0.01–10% of the total number of leaves on
a plant. If the total number of leaves produced by these
stems exceeded 20, I randomly selected 20 for data collec-
tion. I collected 20 leaves at random from each plant prior
to the experiment to provide baseline data for plant traits.
Also, I recorded whether or not the marked stems produced
Xowers during the Wnal sampling period.
For each leaf sample, petiolar extraXoral nectaries were
counted on each leaf. Trichome density was estimated by
examining the surface of each leaf at £50 magniWcation and
giving it a score from 0–3: 0 = trichomes absent (<1 per mm2),
1 = trichomes sparse (»125 per mm2), 2 = trichomes abun-
dant (»250 per mm2), 3 = trichomes completely covering
leaf surface (>375 per mm2). Toughness was measured on
up to Wve randomly selected leaves from each sample using
a force gauge penetrometer (Type 516; Chatillon). I calcu-
lated the mean EFN number, trichome index, and toughness
per leaf for each sample for use in statistical analyses. Each
sample of leaves was pressed and photographed for leaf
damage analysis. Total leaf area and damaged area were
measured from digital images using image-analysis soft-
ware (SigmaScan; SPSS) and the percent of total leaf area
damaged was estimated for each sample.
After being pressed and photographed, leaves were dried
at ambient temperature using silica gel for use in tannin
assays. Four leaves were selected at random from each
sample and a 25-mg portion of each leaf was taken. These
portions were combined to form a 100-mg sample for each
plant. Samples were ground in plastic vials by adding liquid
nitrogen and pulverizing leaf fragments with a plastic pestle.
Tannins were extracted in 70% acetone for 60 min at room
temperature, then centrifuged for 10 min at maximum speed;
the supernatant was removed and its tannin concentration
was assessed using the radial diVusion assay (Hagerman
1987). BrieXy, a protein-containing agarose gel was poured
into Petri dishes and allowed to solidify. Then, 15 l of leaf
extract was placed in a well cut into the gel. After incubating
at room temperature for 96 h, a ring of precipitated protein
was visible around wells containing tannins. Tannic acid
standards were used to relate the area of the ring of precipi-
tated protein to tannin content (% dry weight).
There was very little growth in the unpruned plants
between December 2007 and May 2008. Thus, in May
2008, I was unable to measure all the response variables on
new leaves. I was able to collect growth and EFN data from
new leaves, but there were not enough new leaves present
on all plants to measure trichomes, tannins, toughness, and
leaf damage. Instead, these measurements were taken from
a sample of 20 randomly-selected leaves from each plant.
At the end of each sampling period, I measured arthro-
pod density on experimental plants as follows. I examined
all the foliage on each plant and counted the number of
each taxonomic group seen on six separate occasions (three
during daylight hours and three at night). Ants were identi-
Wed to species, other groups were identiWed to family or
order. I also counted the number of shoots on each plant,
and calculated arthropod densities as number per shoot.414 Oecologia (2011) 166:411–420
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Statistical analyses
Many plant defense traits were monitored in this experi-
ment (trichomes, toughness, tannins, EFNs). In order to
maintain an acceptable type I error rate, I conducted a
MANOVA on plant defense traits; a signiWcant MANOVA
was followed by a series of univariate tests for individual
response variables (Scheiner 2001). Other response vari-
ables (herbivory, growth, arthropod abundances) were ana-
lyzed using univariate tests.
Univariate analyses of most response variables were
conducted with linear mixed models. Unlike other methods
used in repeated measures ANOVA, mixed model analysis
can handle datasets where some of the observations are
missing from particular experimental units. Plant was a ran-
dom factor and block, ant-exclusion, and pruning treat-
ments were Wxed factors. Sampling date was also a Wxed
eVect, with each sampling date considered a repeated mea-
sure of each plant. Values of the response variables prior to
the experiment were used as covariates; these were dropped
from the model if they were not signiWcant at  =0 . 0 5 .
Non-signiWcant interactions between Wxed eVects were
dropped from the Wnal models. I used a variance-component
structure for random terms, which assumes that they are
independent and additive. Arthropod densities were log-
transformed to meet model assumptions. Treatment eVects
on the proportion of plants for which marked stems produced
Xowers during the Wnal sampling period were analyzed
using Fisher’s exact test.
Some ant-exclusion plants had relatively high ant densi-
ties during certain sampling periods. The ant-exclusion
treatment appeared to be ineVective for these plants, so
these observations were removed from the analysis. The
eVectiveness of an ant-exclusion treatment was determined
using outlier analysis based on the studentized deleted
residual (Neter et al. 1996, pp. 373–375). If the ant density
for an ant-exclusion plant was a positive outlier (at  =0 . 0 5 ) ,
the data from that plant during that sampling period were
removed. This resulted in the removal of Wve observations
from the data set (out of a total of 120).
All analyses were implemented in R (R Core Devel-
opment Team 2005). Mixed model analyses were run
using the lme function in the nlme package (Pinheiro
et al. 2009).
Results
EVects of pruning on C. erectus and arthropods
Anti-herbivore defenses diVered between pruned and
unpruned plants (MANOVA: F4,25 =3 5 . 7 ,   p < 0.0001;
Fig. 1a–d), with pruned plants possessing fewer physical
defenses than unpruned plants, but higher levels of chemi-
cal and indirect defenses. Mean trichome density was
reduced by 21% on pruned plants (F1,28 = 31.1, p < 0.0001;
Fig. 1a) and mean toughness was reduced by 27%
(F1,28 =6 0 . 5 ,   p < 0.0001; Fig. 1b); in both cases, the diVer-
ence between pruned and unpruned plants diminished over
the course of the experiment (pruning £ date interaction:
F2,69 = 16.6,  p < 0.0001,  F2,69 = 44.6,  p < 0.0001, respec-
tively). In contrast, pruned plants tended to have higher lev-
els of chemical and indirect defenses than unpruned plants.
Mean tannin concentration was 30% higher in pruned
plants than in unpruned plants (F1,28 =1 1 . 8 ,  p = 0.002;
Fig. 1c) and pruned plants had 33% more EFNs than
unpruned plants (F1,28 = 5.6, p = 0.03; Fig. 1d). For tannins,
the diVerence between pruned and unpruned plants
decreased during the course of the experiment
(date £ pruning interaction: F2,64 = 9.9,  p = 0.0002;
Fig. 1c), while EFNs did not show an eVect of pruning until
May 2008 (date £ pruning interaction: F2,58 = 12.9,
p < 0.0001; Fig. 1d).
The mean growth rate on pruned plants was twice the
mean growth rate of unpruned plants (F1,28 = 34.7,
p < 0.0001; Fig. 1e), although the diVerence between
pruned and unpruned plants decreased during the course of
the experiment (pruning £ date interaction: F2,71 = 14.1,
p < 0.0001). The diVerence in leaf damage between pruned
and unpruned plants varied by date (pruning £ date interac-
tion: F2,69 =3 . 6 2 ,   p = 0.03; Fig. 1f), tending to be higher in
pruned plants in May 2008 (F1,26 =3 . 0 9 ,  p = 0.09), but
there was no overall eVect of pruning on leaf damage
(F1,28 =0 . 1 3 ,  p = 0.72). Marked stems were more likely to
produce Xowers on unpruned plants (6 of 20 plants) than
pruned plants (0 of 20 plants) during the Wnal sampling
period (Fisher’s exact test: p =0 . 0 2 ) .
Pruning increased arthropod densities. Mean herbivore
density was eight times higher on pruned plants than on
unpruned plants (F1,28 =3 2 . 9 ,  p < 0.0001; Fig 2a), and
mean ant density was 29 times higher on pruned plants on
average (F1,28 = 23.5, p < 0.0001; Fig 2b). The diVerence in
ant densities was particularly pronounced in December
2007 (pruning £ date interaction: F2,71 = 12.7, p < 0.0001).
The mean number of herbivores counted on pruned plants
was greater than the mean number on unpruned plants (3.80
vs 1.76, respectively)—the same was true for ants (5.88 vs
2.29, respectively)—indicating that the increase in herbi-
vore and ant densities (individuals per shoot) on pruned
plants was not a statistical artifact associated with the
reduction in shoot numbers caused by the pruning treat-
ment. Ants were the most common predator observed, rep-
resenting 78% of all arthropod predator observations.
Camponotus tortuganus was the most abundant ant species
on both pruned and unpruned plants during all sampling
periods, representing 75% of all ants observed. After ants,Oecologia (2011) 166:411–420 415
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clubionid spiders (Elaver sp.) were among the most com-
mon predators observed on C. erectus in this experiment.
These spiders are active, nocturnal hunters and were
observed consuming the folivorous chrysomelid beetles
that were the most common herbivore observed in this
study. Overall, there was a marginally signiWcant tendency
for higher clubionid densities on pruned plants (F1,28 =4 . 0 ,
p = 0.05; Fig. 2c). However, in May, when clubionid
spiders were most abundant, their density on pruned,
ant-exclusion plants was an order of magnitude higher
than on any of the other treatment groups (pruning £
ant treatment £ date interaction: F2,67 = 4.5,  p =0 . 0 1 ;
pruning £ ant interaction in May 2008: F1,24 =5 . 8 ,
p = 0.02; Fig. 2c).
EVects of ant-exclusion on C. erectus and arthropods
Leaf damage was 27% higher on ant-exclusion plants than
on control plants (F1,28 =5 . 0 ,  p =0 . 0 3 ;  F i g .1f). There was
no indication, however, that this eVect diVered for pruned
and unpruned plants (ant-exclusion £ pruning interaction:
F1,27 = 0.86,  p = 0.36). Growth did not diVer between
ant-exclusion and control plants (F1,28 = 0.002,  p =0 . 9 6 ;
Fig. 1e), and there was no detectable inXuence of the
ant-exclusion treatment on trichomes, toughness, tannins,
and EFNs (MANOVA: F4,25 =0 . 3 6 ,  p = 0.83; Fig. 1a–d).
Marked stems produced Xowers on the same number of ant-
exclusion and control plants (3 of 20 in both cases) during
the Wnal sampling period.
Fig. 1 The eVect of factorial 
manipulations of pruning and 
ant-exclusion on Conocarpus 
erectus: a trichomes 
b toughness c tannins d EFNs 
per leaf e growth and f leaf dam-
age (n = 10 plants for each treat-
ment combination). The vertical 
dotted line represents the initia-
tion of treatments. Means and 
standard errors are shown, with 
the predicted mean of post-treat-
ment samples for each plant pre-
sented at the right of each plot. 
Predictions were obtained from 
the mixed models described in 
the text. Statistical signiWcance 
of tests comparing pruned and 
unpruned plants are shown: 
***p < 0.001, **p < 0.01, 
*p <0 . 0 5 ,   +p <0 . 1
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Analyses of the eVect of ant-exclusion on ant densities
conWrmed that the ant-exclusion treatment was eVective
(ant-exclusion eVect:  F1,28 =2 1 . 8 ,  p = 0.0001; Fig. 2b).
However, the diVerence in ant density between ant-exclusion
and control plants was greater for pruned plants than for
unpruned plants (pruning £ ant-exclusion interaction: F1,27 =
10.2,  p = 0.004; Fig. 2b). Analyses of the simple eVects
conWrmed that the ant-exclusion treatment eVectively
reduced ant densities in both pruned plants (70% reduction;
F1,9 = 18.2,  p = 0.002) and unpruned plants (34% reduc-
tion; F1,9 = 6.7, p = 0.03). Overall, ant-exclusion led to a
Wvefold increase in clubionid spider density (F1,28 =4 . 9 ,
p = 0.03; Fig. 2c). As mentioned above, clubionid spiders
were more abundant on pruned, ant-exclusion plants in
May 2008. Ant-exclusion did not aVect herbivore density
(F1,28 =0 . 4 0 ,   p = 0.53; Fig. 2a).
Discussion
Bottom-up eVects of simulated disturbance
There were strong eVects of simulated disturbance on plant
traits, with pruned plants displaying increased growth,
decreased trichome density and toughness, and increased
levels of tannins and EFNs. These changes in plant charac-
teristics were associated with higher herbivore and ant den-
sities on pruned plants. Previous studies of C. erectus in
this system demonstrated that simulated hurricane damage
decreases trichome density and toughness (Agrawal and
Spiller 2004; Spiller and Agrawal 2003), and increases the
abundance of herbivores and parasitoid wasps (Spiller and
Agrawal 2003). However, these studies did not consider the
eVect of damage on the interaction between C. erectus and
its ant mutualists, nor did they measure growth or chemical
defenses, such as tannins, on pruned and unpruned plants.
It has been proposed that the breakdown of apical domi-
nance resulting from pruning or browsing by mammals
leads to an increase in the amount of vigorously growing
foliage that is rich in nutrients but poor in defenses (Honkanen
and Haukioja 1998). The predicted increase in edibility in
response to branch removal has been observed in many
studies (Agrawal and Spiller 2004; Bryant 2003; Danell
et al. 1997; Danell and Huss-Danell 1985; Nakamura et al.
2006; Nykanen and Koricheva 2004; Spiller and Agrawal
2003; Valkama et al. 2005). However, branch removal by
hurricane disturbance can lead to increased chemical
defense (Hunter and Forkner 1999), and browsing by mam-
mals has been shown to increase both chemical defense
(Martinsen et al. 1998) and the production of ant attractants
(Huntzinger et al. 2004). The results of the current experiment
are consistent with those of previous studies—pruning elic-
ited faster growth, reduced physical defenses, and enhanced
Fig. 2 The eVect of factorial manipulations of pruning and ant-exclu-
sion on arthropod densities: a herbivores b ants and c clubionid spi-
ders (n = 10 plants for each treatment combination). The vertical
dotted line represents the initiation of treatments. Means and stan-
dard errors are shown, with the predicted means for post-treatment
samples of each plant presented at the right of each plot. Insect densities
are plotted on a log scale. Statistical signiWcance of tests comparing
pruned and unpruned plants are shown: ***p < 0.001, **p < 0.01,
*p <0 . 0 5 ,   +p <0 . 1
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the production of chemical defenses and EFNs in C. erectus.
DiVerent traits, however, did not follow the same trajectory
after the manipulation. Pruning led to dramatic changes in
growth, trichomes, toughness, and tannins within 3 months
of the manipulation, but these diVerences diminished for
the remainder of the year-long experiment (Fig 1a–c, e). In
contrast, diVerences in EFN production did not appear until
9 months after the manipulation, but these diVerences were
sustained throughout the remainder of the experiment. This
delayed response in EFN production may be a result of
physiological constraints on EFN production.
It is clear that C. erectus responds to pruning by chang-
ing its pattern of allocation to diVerent functions. In the
months following pruning, C. erectus grows rapidly
(Fig. 1e) and increases the nitrogen content of its foliage
(Agrawal and Spiller 2004; Spiller and Agrawal 2003). As
a consequence, scarce supplies of nitrogen and other
resources are probably devoted largely to growth at the
expense of other functions, such as physical defense and
reproduction (Herms and Mattson 1992). In addition,
leaves on fast-growing, pruned C. erectus might have
shorter lifetimes than those on unpruned plants, potentially
reducing the value of investments in anti-herbivore defense
(Coley et al. 1985). These hypotheses may help explain
why trichomes and toughness were reduced in pruned
plants, and why pruned plants did not appear to produce as
many Xowers as unpruned plants, but do not explain the
increase in tannins and EFNs. The synthesis of some types
of tannins is biochemically decoupled from protein synthe-
sis and plant growth, which may account for the lack of a
tradeoV between growth and tannin concentration (Haukioja
et al. 1998). In addition, previous studies have documented
a trade-oV between trichomes and EFNs in undisturbed
C. erectus. Plants with low trichome density (the “green”
morphotype) have more EFNs than plants with high trichome
density (the “silver” morphotype) (Piovia-Scott 2010);
they also have higher levels of herbivory (Agrawal and Spiller
2004; Schoener 1988; Spiller and Schoener 1996), are
more aVected by ant attendants, and tend to grow faster
(Piovia-Scott 2010). Interestingly, the changes in anti-herbi-
vore defenses observed following pruning are consistent
with a switch between existing defense syndromes in
C. erectus.
The increase in herbivore density on pruned plants
suggests that toughness and trichomes were more eVective
deterrents against herbivores than tannins and ants, or that
the increase in the nutritional quality of the rapidly-growing
foliage made pruned plants more attractive, despite their
defenses. These hypotheses are consistent with the observa-
tion that the diVerence in herbivore density between pruned
and unpruned plants was diminished in the last sampling
period (Fig. 2a), when toughness, trichomes, and growth
were similar in pruned and unpruned plants (Fig. 1a, b, e).
The nutritional quality of the foliage may have been espe-
cially important in May, when there was much more
actively-growing foliage available on pruned plants than on
unpruned plants (Fig. 1f), and leaf damage on pruned plants
tended to be higher than on unpruned plants (Fig. 1e).
Increased nectar production may also have contributed to
higher herbivore densities on pruned plants, as herbivores
have been seen visiting EFNs (J. Piovia-Scott, personal
observation).
The eVects of branch removal can be propagated up to
the third trophic level, as increased abundances of herbi-
vores can attract more predaceous arthropods (Nakamura
et al.  2005,  2006; Schoener 1988; Spiller and Agrawal
2003). For C. erectus, increased EFN production may also
contribute to higher ant densities, as C. erectus plants with
more EFNs attract more ants (Piovia-Scott 2010). For the
Wrst 3 months of the experiment, increased herbivore
density likely explains higher ant abundances on pruned
C. erectus, as EFNs had not yet responded to the treatment.
During the remainder of the experiment, increased produc-
tion of extraXoral nectar likely contributed to higher ant
densities.
Top-down eVects of simulated disturbance
Ant exclusion led to lower levels of herbivory, indicating
that ants were eVective mutualists during the course of the
experiment. However, the eVect of ant-exclusion did not
diVer between pruned and unpruned plants. This result is
somewhat surprising, as pruned plants were expected to
receive more of a beneWt from ants due to their low
levels of physical defense traits and high EFN density
(Piovia-Scott 2010). Furthermore, pruned plants had higher
herbivore densities and a greater diVerence in ant densities
between ant-exclusion and control plants, both of which are
also expected to increase the diVerence in herbivory
between ant-exclusion and control plants (Barton 1986; Di
Giusto et al. 2001; Rudgers and Strauss 2004).
There are a number of potential explanations for the
absence of a stronger eVect of ants on pruned plants. For
example, if tannins and ant associates are redundant,
increased levels of tannins in pruned plants could diminish
the eVect of ants. However, the absence of a relationship
between tannin concentration and leaf damage (p >0 . 4 7  i n
all plausible models) suggests that this is not the case.
Alternatively, the beneWts provided by ants to plants may
saturate at high ant densities (Ness et al. 2006). If this is the
case, the greater diVerence in ant density between control
and ant-exclusion treatments for pruned plants may not lead
to a larger beneWcial eVect of ants. However, pruned plants
also had higher herbivore densities, which may maintain
the per-capita eVects of ants at a relatively high level as ant
densities increase.418 Oecologia (2011) 166:411–420
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A third explanation is that pruned plants attract more
alternate predators, which can compensate for the lack of
ants. This seems to be the case—on pruned plants, the
exclusion of ants allowed alternate predators (in this case,
clubionid spiders) to increase in density. Antagonistic inter-
actions between ants and clubionid spiders have been
observed, suggesting that these spiders avoid plants where
ants are abundant. Clubionids are probably able to circum-
vent the tanglefoot barriers by ballooning, allowing them to
colonize ant-exclusion plants, and they are likely attracted
to the abundant prey on vigorously growing pruned plants.
High clubionid density on pruned, ant-exclusion plants
could limit herbivory, diminishing the top-down eVects of
ants. Ant-exclusion has led to increases in spider density in
a number of other systems (Halaj et al. 1997; Izzo and
Vasconcelos 2005; Mody and Linsenmair 2004; Mooney
2007), suggesting that these two predator guilds may fre-
quently have compensatory eVects on lower trophic levels.
The eVect of hurricanes on island food webs 
in the Bahamas
The pruning treatment employed in this study was designed
to simulate the eVect of hurricane storm surges on C. erectus.
Unfortunately, this treatment does not simulate the direct
eVects of hurricanes on arthropods, complicating the inferences
one can draw from this study concerning the inXuence of
hurricane disturbance on ant–C. erectus interactions. In
previous studies conducted on small Bahamian islands, her-
bivores recover relatively quickly following hurricanes
(Spiller and Agrawal 2003), and some ant species appear to
be resistant to hurricane disturbance (Morrison 2002). In
contrast, other arthropod predators, including spiders,
recover relatively slowly following disturbance (Spiller
et al. 1998; Spiller and Schoener 2007).
Since both herbivores and ants appear to persist or rapidly
recolonize areas disturbed by hurricanes, some of the eVects
observed in this study may provide a reasonable representa-
tion of what happens in communities aVected by hurricanes.
Herbivores are likely to be attracted to the high quality foli-
age, and ants likely recruit to plants in higher numbers due to
increased herbivore abundance and extraXoral nectar produc-
tion. On the other hand, the top-down eVects observed in this
study may not provide an adequate representation of dynam-
ics in communities aVected by hurricanes, as the lack of alter-
nate arthropod predators may prevent compensatory
predation from occurring. Indeed, the lack of compensatory
predation by parasitoid wasps, web spiders, and other preda-
tory arthropods is likely responsible for the magniWed eVect
of lizards on leaf damage following hurricanes (Spiller and
Schoener 2007). Thus, it is possible that the eVects of ants
following a hurricane could be enhanced in the absence of
compensatory predation by other arthropods.
Conclusion
This study outlines clear bottom-up eVects of simulated
hurricane disturbance and top-down eVects of ant mutual-
ists, but does not Wnd evidence for an interaction between
the two. The bottom-up eVects of simulated disturbance
were propagated up to the predator trophic level, with ants
likely responding both to increases in nectar production
by the plants and increases in herbivore abundance.
Although pruned plants were more attractive to herbi-
vores, there was not a universal decrease in anti-herbivore
defense traits in response to pruning. Instead, there was a
shift in patterns of allocation in favor of diVerent types of
defense in pruned plants. In contrast to previous studies,
there was no indication that disturbance facilitated top-
down control by ants, probably because alternative preda-
tors were able to compensate for the loss of ants on
pruned plants.
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